6-phospho-b-glucosidases and 6-phospho-b-galactosidases are enzymes that hydrolyze the b-glycosidic bond between a terminal non-reducing glucose-6-phosphate (Glc6P) or galactose-6-phosphate (Gal6P), respectively, and other organic molecules. Gan1D, a glycoside hydrolase (GH) belonging to the GH1 family, has recently been identified in a newly characterized galactanutilization gene cluster in the bacterium Geobacillus stearothermophilus T-1. Gan1D has been shown to exhibit bifunctional activity, possessing both 6-phospho-b-galactosidase and 6-phospho-b-glucosidase activities. We report herein the complete 3D crystal structure of Gan1D, together with its acid/base catalytic mutant Gan1D-E170Q. The tertiary structure of Gan1D conforms well to the (b/a) 8 TIM-barrel fold commonly observed in GH enzymes, and its quaternary structure adopts a dimeric assembly, confirmed by gel-filtration and small-angle X-ray scattering results. We present also the structures of Gan1D in complex with the putative substrate cellobiose-6-phosphate (Cell6P) and the degradation products Glc6P and Gal6P. These complexes reveal the specific enzyme-substrate and enzyme-product binding interactions of Gan1D, and the residues involved in its glycone, aglycone, and phosphate binding sites. We show that the different ligands trapped in the active sites adopt different binding modes to the protein, providing a structural basis for the dual galactosidase/glucosidase activity observed for this enzyme. Based on this information, specific mutations were performed on one of the active site residues (W433), shifting the enzyme specificity from dual activity to a significant preference toward 6-phospho-b-glucosidase activity. These data and their comparison with structural data of related glucosidases and galactosidases are used for a more general discussion on the structure-function relationships in this sub-group of GH1 enzymes.
Introduction
6-Phospho-b-glucosidases (EC 3.2.1.86) [1] [2] [3] [4] and 6-phospho-b-galactosidases (EC 3.2.1.85) [5] [6] [7] work in concert with the phosphotransferase system (PTS) [8] [9] [10] , a common bacterial intake system that transports and phosphorylates a variety of organic compounds including disaccharides. These PTS transport systems are only found in bacteria [8] [9] [10] , and as such could serve as new targets for anti-bacterial drugs.
6-phospho-b-glucosidases are currently classified into the GH families 1 and 4 (GH1 & GH4) [11] . GH1 6-phospho-b-glucosidases are retaining enzymes [12] , while GH4 enzymes appear to act by an unusual mechanism involving a divalent metal and NAD + as a cofactor [13, 14] . Such enzymes were found to be part of the cellobiose utilization system in Escherichia coli, Geobacillus stearothermophilus, and Streptococcus mutans [15] [16] [17] , although these bacteria are not able to utilize crystalline cellulose. A few GH1 6-phospho-bglucosidases have been biochemically and structurally characterized so far, including those from Streptococcus pneumonia, S. mutans, Lactobacillus plantarum, and Streptococcus pyogenes, [18] [19] [20] . All of the known 6-phospho-b-galactosidases belong to the GH1 family, and are part of the lactose consumption systems in Staphylococcus aureus, Lactococcus lactis, Lactobacillus casei, and S. mutans [1] [2] [3] [4] . In these bacteria, lactose is transported and phosphorylated by the PTS system, and is subsequently hydrolyzed into glucose and galactose-6-phosphate (Gal6P) by a 6-phospho-b-galactosidase [21] [22] [23] [24] . Several 6-phospho-b-galactosidases from lactic bacteria have been biochemically characterized [25] [26] [27] [28] , but only the crystal structure of the 6-phospho-b-galactosidase from L. lactis is currently available [6, 7] .
Geobacillus stearothermophilus is a thermophilic, Gram-positive, soil bacterium that possesses a complex system for the utilization of plant cell-wall polysaccharides, including xylan, arabinan, and galactan [29] [30] [31] . The bacterium secretes a small amount of extracellular enzymes that degrade high-molecular-weight polysaccharides into shorter decorated oligosaccharides. The resulting oligosaccharides are taken into the cell via specialized ABC transporters [32] , and are subsequently hydrolyzed into sugar monomers by an array of specific intracellular GHs. The most studied and best characterized of these utilization systems is that of the xylan, where the bacterium secretes an extracellular xylanase [33] [34] [35] [36] [37] that hydrolyzes xylan into short decorated xylooligosaccharides, which are then transported into the cell by ABC transporters [38] . The complete hydrolysis is carried out by several intracellular side-chain-cleaving enzymes, including arabinofuranosidases [39] [40] [41] , an a-glucuronidase [42] [43] [44] [45] , and acetylesterases [46] [47] [48] [49] . The resulting linear xylo-oligomers are finally degraded by an intracellular xylanase [50, 51] and several xylosidases [52] [53] [54] [55] , to give xylose monomers that are further metabolized by the bacterium.
We have previously characterized a specific galactanutilization gene cluster in G. stearothermophilus T-1 [31] . The 9.4 kb cluster encodes, among other proteins, for an extracellular galactanase (Gan53A), an intracellular galactosidase (Gan42B) [56] , and a specific ABC sugar transporter (GanEFG) [31] . Unexpectedly, we also identified another 12.5 kb gene cluster that, based on real-time RT-PCR analysis, is induced by galactan and galactose, suggesting that this cluster is also involved in the utilization of galacto-saccharides [57] . The cluster is made of five transcriptional units that encode a putative GH1 6-phospho-b-galactosidase (Gan1D), a transcriptional regulator (GanR2), a GH4 6-phospho-b-glucosidase (Gan4C), a three-component regulatory system (GanPST), and a dedicated ABC sugar transport system (GanE 2 F 2 G 2 ) [57] . The presence of a GH1 6-phospho-b-galactosidase (Gan1D) suggests the existence of a related PTS system, and indeed, we identified a PTS system elsewhere on the chromosome that is expressed only in the presence of galactose [57] .
The study reported herein focuses on the structure determination and the structure-function relationships of the 6-phospho-b-galactosidase Gan1D. Gan1D belongs to the retaining GH1 GHs family, where the anomeric carbon configuration of the substrate and product is retained [58] . Recent biochemical experiments reveal that the two catalytic residues of this enzyme are E170 (acid/base) and E378 (nucleophile), and demonstrate that this enzyme surprisingly possesses both 6-phospho-b-galactosidase and 6-phospho-b-glucosidase activities [57] . Here we present the complete 3D crystal structures of Gan1D and its acid/base catalytic mutant, alone and in complex with its putative substrate and its catalytic degradation products. In addition to the overall structure of the protein and the structural details of its active site, the study identifies the specific enzymesubstrate and enzyme-product binding interactions of Gan1D, thereby providing a structural basis for the dual galactosidase/glucosidase catalytic activity observed for this enzyme. each belonging to a different space group, the P1 space group (Gan1D-WT-P1; at 1. 33 A resolution), and the C2 space group (Gan1D-WT-C2; 1.98 A; Table 1 ) [59] . The Gan1D-WT-P1 structure contains four monomers in the asymmetric unit (AU; chains A, B, C, D), while the Gan1D-WT-C2 structure contains two monomers in the AU (chains A, B). The two structures are very similar to each other, with root mean square deviations (RMSD) values of 0. 30-0.61 A between the different monomer combinations of the two structures (as calculated with PDBEFOLD [60] ). The high similarities between these structures, despite their different space groups and crystal packing, strengthen the validity and biological significance of the Gan1D structure reported here. Some small differences are observed, however, in chain D of the Gan1D-WT-P1 structure, where one of the external loops (residues 311-329) remained un-modeled due to a lack of sufficient electron density in the calculated 2F O -F C and F O -F C maps. The absence of such density indicates that this particular loop (which could be modeled clearly in the other Gan1D monomers) is likely to be flexible and dynamic also in solution. This, coupled with the close proximity of the loop to the active site, could suggest a possible functional role for it, as discussed below.
The overall structure of the Gan1D monomer conforms well to the (b/a) 8 TIM-barrel fold, commonly observed in GH1 enzymes [7, 18, 61, 62] , consisting of eight relatively short central b-strands surrounded by eight relatively longer a-helices (Fig. 1A) . Specifically in Gan1D, these eight b-strands are b1 (residues A14-L18), b2 (A78-S82), b3 (E117-Y123), b4 (Y164-N169), b5 (K220-A226), b6 (M296-N299), b7 (I374-N379) and b8 (V419-W425). Similarly, the eight a-helices of Gan1D are a1 (D59-G75), a2 (N97-H114), a3 (R141-G159), a4 (D190-V216), a5 (R236-G261), a6 (D355-Q371), a7 (D395-G416) and a8 (K461-T473). Besides these canonical secondary structure elements, Gan1D contains a few additional non-canonical elements, including 6 short b-strands, b1
0 (E170-R180), a6 0 (P264-Q274), a7 0 (G283-A291), and two 3/10 helices, h1 (T48-T52) and h2 (A137-S140). These additional elements are located at the peripheries of the central barrel (Fig. 1A) .
Typically for GH1 enzymes, the catalytic acid/base and nucleophile residues of Gan1D, E170 and E378, respectively, are situated in the center of the TIMbarrel, at the C-terminal ends of the b4 and b7 strands, respectively. These two residues are very close to each other, with a minimum distance of 3.5 A between the carboxylate groups. The short distance is significantly below the 5 A average distance usually observed for retaining glycosidases [58] , yet it is not beyond the range of distances previously observed for homologous GH1 enzymes [7] . This exceptionally short distance between the catalytic residues is consistent with a retaining mechanism, as the corresponding average distance for inverting glycosidases is larger than 10 A. In both the Gan1D-WT-P1 and the Gan1D-WT-C2 structures, various molecules, originating from the purification and crystallization buffers, were found in the active sites. Specifically, phosphate and imidazole molecules were found in the active sites of the Gan1D-WT-P1 structure, while a Tris molecule was found in the active site of chain A of the Gan1D-WT-C2 structure. The phosphate molecule is not positioned in the exact same position in all four molecules, but it generally participates in interactions with residues Gln23, Trp425, Ser432, Trp433, Asn435, Lys439 and Tyr441. The imidazole molecules were found to interact with residues Tyr301, Trp352, Trp125 and Ile173, and the Tris molecule was found to interact with residues Gln23, His124, Trp125, Asn169, Glu170, Tyr301, Glu378, Trp425, and Trp433. The presence of well-ordered phosphate, Tris, and imidazole molecules in the active site of the ligandfree enzyme may suggest that the residues with which they interact could be involved in the binding of catalytically-relevant species (e.g. a sugar moiety or a phosphate functional group) along the reaction coordinate of Gan1D, as was later confirmed by the structures of the Gan1D complexes presented below.
Structure of the Gan1D dimer
The two protein monomers in the Gan1D-WT-C2 AU are related by a (non-crystallographic) two-fold symmetry axis, and seem to form a tight elongated homodimer of overall dimensions of approximately 50 A 9 55 A 9 100 A (Fig. 1B-D) . The two active sites, which are situated at the centers of the TIMbarrels, are related to each other by~90°, and are separated by~35
A. The dimer surface can be divided into two sides, the 'front' side, which is relatively flat and contains the entrances to the two active sites, and the 'back' side, which contains a big groove formed at the interface between the two monomers (Fig. 1D) . The two monomers in the Gan1D dimer are held together by a series of hydrogen bonds, salt bridges and p-stacking interactions, mainly between residues situated in the a5 and a6 helices, as summarized in Table 2 . Two such tight homo-dimers are also seen in the AU of Gan1D-WT-P1 (the whole unit cell), Table 1 . Representative crystallographic data collection and refinement parameters for the Gan1D structures presented here.
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; where I i (hkl) is the intensity of observation i of reflection hkl.
e For the calculation of R free a random subset (0.5-5.0%) of the data was used, so that the total number of reflections in this subset would be less than 5500 a relatively strong interaction between the monomers of the crystallographic dimer, suggesting this dimer is also the relevant form of the protein in solution. Further confirmation of the biological relevance of the Gan1D dimer is obtained from gel filtration analysis ( Fig. 2A) , which clearly shows a single protein species in solution, with a calculated M r of about 115 000 Da.
As the calculated M r of the Gan1D monomer is 55 204 Da, these results confirm that the main form of Gan1D in solution is a homo-dimer. Small-angle X-ray scattering (SAXS) data collected on Gan1D-WT also confirm this assembly ( Fig. 2B-D) . The SAXS data produced a molecular envelope, independently of the crystallographic structure, which when superimposed upon the crystallographic dimer shows a good fit (Fig. 2D) , and confirms that the size of Gan1D in solution is that of a dimer. The agreement of SAXS with crystallography is further confirmed by the relatively good fit obtained when comparing the simulated scattering curve from the crystallographic dimer (calculated with CRYSOL [64] ) to the experimental scattering curve of Gan1D (Fig. 2B) . . Calculations were performed with the APBS plugin [93] , as implemented in the PYMOL software [94] . (A,B) were produced with CHIMERA [95] , and (C,D) with PYMOL [94] .
Substrate and product binding sites of Gan1D
An acid/base catalytic mutant of Gan1D (Gan1D-E170Q) has been prepared in order to investigate the active site of the enzyme, and specifically to identify the amino acid residues involved in its glycone (À1), aglycone (+1), and phosphate binding sub-sites. Such acid/base catalytic mutation is known to reduce significantly the overall catalytic reaction, but to change by relatively little the binding capacity of the enzyme toward various reaction-relevant species. Thus, the purified Gan1D-E170Q protein allowed us to determine the structure of this catalytic mutant, alone and in complex with its putative substrate cellobiose-6-phosphate (Cell6P). Interestingly, the Gan1D-E170Q crystals have been obtained in the same general conditions as for Gan1D-WT, but proved to be of a different shape and different space group (Table 1) . In this new monoclinic space group (P2 1 ), there are four protein monomers in the crystallographic AU, forming different intermolecular interactions compared with those of the two crystal forms described above for Gan1D-WT (P1 and C2). Nevertheless, when considering the symmetry-related monomers of the unit cell, these monomers form the same Gan1D functional homo-dimers as observed before for the other two crystal forms of Gan1D. Structural comparison between the Gan1D-WT and Gan1D-E170Q crystallographic models demonstrates that the two structures are highly similar ( Fig. 3) , with RMSD values of 0.19-0.72 A between the different protein chains. One difference between the structures is observed, however, in the active site, where the nucleophile (E378) adopts in the mutant a conformation that is different from the WT (Fig. 3 ). Another conformational difference observed in the Gan1D-E170Q structure is apparent in residues 347-352 of chain B, which were modeled in two alternate conformations as compared with the single conformation modeled in the other chains. In addition, in all chains of the Gan1D-E170Q structure, residues 315-329 could not be modeled due to a lack of electron density, similarly to the case of chain D of the Gan1D-WT-P1 structure. This lack of a clear electron density, combined with the two alternate conformations observed, indicate that the loops consisted of residues 347-352 and 315-329 are significantly more flexible than the rest of the protein, as further discussed below.
The structure of Gan1D-E170Q in complex with the putative substrate Cell6P (Gan1D-E170Q-Cell6P) was obtained following a short soaking (about 30 s) of one of the Gan1D-E170Q crystals (see above) in a solution containing 7 mM Cell6P. This structure was found to be very similar to the structure of the ligand-free Gan1D-E170Q mutant, with very small RMSD values of 0.07-0. 33 A between the different chains of the two structures (as calculated by PDBEFOLD [60] ). In this Gan1D-E170Q-Cell6P structure, extra electron density could be observed in the active sites of all four AU monomers, but these extra densities appeared significantly different between the actives sites. In two of these active sites, a full Cell6P substrate was modeled clearly at 73% and 80% occupancy. Interestingly, however, in the other two active sites, only glucose-6-phosphate (Glc6P) molecules could be modeled at 73% and 76% occupancy (Fig. 4A,B) , indicating that the catalytic mutant demonstrates some activity in the crystal, as discussed further below. The binding of these two catalytically-relevant ligands reveals that the phosphate binding site of Gan1D involves the active site residues Trp352, Ser432, Asn435, Lys439 and Tyr441; the glycone (À1) binding site involves residues Gln23, His124, Trp125, Tyr301, Trp425, Trp433; and the aglycone (+1) binding site involves the hydrophobic and aromatic residues Phe177, Trp352, Tyr301 and Ile173. These particular residues seem to be directly involved in the binding of both substrate and product, since they form specific hydrogen bonds and p-stacking interactions with the substrate and products of Gan1D, as shown in Fig. 4C and summarized in Table 3 . The specificity of Gan1D towards Gal6P and Glc6P
To investigate the dual activity of Gan1D towards both Gal6P and Glc6P moieties at the glycone position, we report here the structures of Gan1D-WT in complex with these two ligands (Gan1D-Gal6P and Gan1D-Glc6P, respectively; Fig. 5A-C) . The structure of Gan1D-Gal6P was obtained by soaking a Gan1D-WT crystal (for about 30 s) in a solution containing 12 mM Gal6P. The structure of Gan1D-Glc6P was obtained by soaking a Gan1D-WT crystal (for about 20 s) in a solution of 12 mM Cell6P. The Glc6P molecule trapped in the active site of Gan1D-WT is therefore one of the hydrolysis products, confirming the activity of the enzyme towards 6-phospho-cellobiose even in a crystal environment. The structures of the Gan1D-Gal6P and Gan1D-Glc6P complexes are generally very similar to each other, with RMSDs of 0.27-0.43 A, as calculated by PDBEFOLD [60] . The binding interactions observed here for these two ligands correlate very well with the enzyme-substrate and the enzyme-product interactions described above, thereby confirming the specific residues involved in the binding sites of Gan1D (Table 3) . Despite the general structural similarities between the two Gan1D-ligand complexes, a shift of~1. 5 A is observed in the positions of the bound Glc6P ligand as compared with the bound Gal6P ligand (Fig. 5C ). In addition, there are two significant differences in the binding modes of these sugars. One is the additional involvement of Asn169 (OE2) in the glycone binding site of Gal6P, which results in a hydrogen bond interaction (3.0 A) with the O 2 hydroxyl group of Gal6P. The second difference is a variation in the binding of the O 4 hydroxyl, which in Gan1D-Gal6P was found to interact with Trp433 (NE1), while in Gan1D-Glc6P it was found to interact with Gln23 (NE2; Table 3 ; Fig. 5A-C ). These differences in the binding modes of Gal6P and Glc6P suggest a structural basis for the dual specificity of Gan1D, as further discussed below.
Discussion
Gan1D, the focus enzyme of the present study, belongs to the GH1 family, which consists of enzymes of 23 different known activities, including b-glucosidases, b-galactosidases, b-mannosidase, b-fucosidase, b-glucuronidase, 6-phospho-b-glucosidases and 6-phosphob-galactosidases. Previous studies demonstrated that Gan1D is primarily a 6-phospho-b-galactosidase, since only galactose (and not glucose) triggers its up-regulation and production [57] . Interestingly, however, Gan1D exhibits promiscuous activity, and possesses approximately equal specificities towards substrates that contain either Glc6P or Gal6P as their glycone moiety. In this respect, it is noted that Glc6P and Gal6P are very similar in their chemical and spatial structure, only differing in the specific configuration of their O 4 hydroxyl group (Scheme 1), making their enzymatic distinction from each other rather difficult. Although such phenomena is often referred to as enzyme promiscuity, a recent review noted that it should be correctly termed 'broad specificity' rather than 'promiscuity' [65] . The current study of Gan1D has been performed mainly in an attempt to understand the structural aspects of such broad specificity. In this general framework we determined the high-resolution 3D structure of the WT enzyme, its acid/base catalytic mutant, and their complexes with the catalytically-relevant ligands Gal6P, Glc6P and Cell6P, as described above and further discussed below.
Flexible loops may serve as gates to the active site
The 3D structure of Gan1D reported here corresponds to a typical (b/a) 8 TIM-barrel fold, where the catalytic acid/base and the nucleophile residues are situated on the b4 and b7 strands, respectively, in the center of the TIM-barrel. The current structure thus confirms the identities of the catalytic residues, revealed through classical biochemical experiments [57] . To date, six other structures of GH1 6-phospho-b-glycosidases have been determined and reported, all possessing about 40% sequence identity to Gan1D. These structures include five 6-phospho-b-glucosidases from Streptococcus mutans (SmBgl; pdb 3PN8) [20] , L. plantarum (LpPbg1; pdb 3QOM) [20] , Escherichia coli (BglA; pdb 2XHY) [66] , S. pyogenes (SPy1599; pdb 4B3K) [19] and S. pneumonia (BglA-2; pdb 4IPN) [18] , and one 6-phospho-b-galactosidase from L. lactis (PGALase; pdb 1PGB) [6, 7] . Structural comparison of Gan1D with these proteins reveals close similarities (Fig. 6) [60] ). The structures differ mainly in the loops that cover the active site (Fig. 6 ). These loops include the loop that was modeled in two alternate conformations in the Gan1D-E170Q structure (residues 347-352), and the large loop (residues 311-329) that displayed relatively high B-factors in the Gan1D-WT structure, and which could not be Fig. 3 . Superposition of the Gan1D-WT structure (pink) on the structure of the Gan1D-E170Q mutant (dark red). The two structures are very similar, except that the mutant is missing the flexible loop covering the active site (residues 311-329; top left). A difference is also observed in the exact orientation of the nucleophile E378, probably as a result of the different interactions with the mutated acid/base side chain (E/Q170; inset). modeled in the Gan1D-E170Q structure due to a lack of electron density ( Figs 1C and 3) . The difficulty in modeling the loops in these locations has been reported also in homologous enzyme structures [7, 18, 66] . Also, in cases where it was possible to model these loops, they assumed different sizes, shapes and/ or orientations, as compared with the corresponding loops in the current Gan1D structures [19, 20] (Fig. 6 ). Although such observations could suggest that these loops are not critical for the structure and function of the proteins, such findings can also suggest that the loops may be involved in the more general and dynamic mode of action of these GH1 enzymes. Moreover, due to the close proximity of these loops to the active site of the enzyme, and especially due to their strategic position at the entrance to the substrate binding site, they could have a functional role. One such function could possibly be in acting as gates to and from the active site, allowing the enzyme to alternate between 'closed' and 'open' functional states, as originally suggested for PGALase from L. lactis [7] .
The functional significance of the dimeric assembly
Our results show that Gan1D functions as a homodimer in solution, confirmed both by gel-filtration and SAXS results. This dimer, also observed in the crystal structure, is stabilized by a relatively large number of hydrogen bonds, salt bridges, and p-stacking interactions between the two protein monomers. Although most of these stabilizing interactions are not conserved among related enzymes (Fig. 7) , a similar homodimeric structure has been observed in other homologous 6-phospho-b-glycosidases structures [18, 20, 66] , suggesting that such monomer-monomer assembly may have a significance beyond the general stabilization provided by a dimer formation. Interestingly, mapping the calculated electrostatic potential onto the surface of the current structure of the Gan1D dimer reveals a significant negative potential patch in the groove formed at the interface between the two monomers. This negative patch is located at the 'back' side of the enzyme, the side opposite to the two active site entrances (Fig. 1D) . The same calculations demonstrate relatively 'flat' and generally neutral electrostatic potential at the 'front' side of the dimer, around the entrance to the active sites of the two monomers of the dimer (Fig. 1D) . Since the substrate of Gan1D contains a negatively charged phosphate group that has a strong negative potential profile, it is probable that the negative potential at the back of the dimer repulses the substrate from the back of enzyme, increasing the likelihood that this charged substrate will approach the dimeric enzyme from the front side, thus guiding the substrate into the proper catalytic region of the dimeric assembly.
Gan1D is catalytically active in the crystal
As mentioned above, the structure of the Gan1D-Glc6P complex was obtained by a short soak of a Gan1D-WT crystal in a solution containing 6-phospho-cellobiose (Cell6P), one of the designated substrates of this enzyme. Interestingly, in this soaking experiment only Glc6P, one of the products of the catalytic reaction of Gan1D, was observed in the active site, while no traces of the original Cell6P substrate could be detected. These observations clearly demonstrate that Gan1D-WT is significantly active toward Cell6P even in the crystalline state, confirming the functional relevance of the current crystal structures and the structure-activity conclusions derived from them. Moreover, a similar soaking experiment was done with crystals of the Gan1D-E170Q mutant, and even there the resulting structure (Gan1D-E170Q-Cell6P) indicates that at least in half of the active sites, a product (Glc6P) rather than a substrate (Cell6P) could be observed. This observation is unexpected since the E170Q acid/base catalytic mutant has been shown to be significantly less active compared with the WT enzyme [57] . Nevertheless, the observed catalytic activity could be accounted for, at least partially, by the relatively high protein and substrate concentration present in the crystal, as well as the relatively long crystal/substrate soaking time (20-60 s). In the case of the Gan1D-E170Q/Cell6P crystallographic experiment, a closer examination of the resulting structure demonstrates that every dimer of Gan1D contains a full Cell6P molecule (the substrate) in one of the active sites, and a cleaved Glc6P molecule (the product) in the other active site (Fig. 4A) . Supporting structural results were also obtained in a similar soaking experiment of Gan1D-E170Q with a solution of Cell6P, where the structural analysis was done after a longer substrate soak of the crystal (60 rather than 20 s). In the corresponding Gan1D-E170Q-Cell6P-2 crystal structure, an uncleaved Cell6P substrate was still observed in the same active site as before (data not shown), but at a significantly lower fraction (modeled at 50% occupancy, compared with the previous~75% in the shorter soak), suggesting that over the extra soaking time, more bound Cell6P was hydrolyzed in this particular site of the Gan1D dimer. In this crystal structure, and similarly to the previous crystal soaking experiment, the other active site of the dimer contained the cleaved product Glc6P (at a similar occupancy of 70%). Hence, in both of these crystal-soaking experiments, the two active sites of the Gan1D dimer appear to conduct the catalytic reaction of this enzyme, although at different overall rates. These results indicate that the two sites of the dimer are different in their relative catalytic activity, as one of the active sites contains mainly the originally soaked enzyme substrate, while the other active site contains mainly the hydrolysis product. An alternative explanation for the observed phenomena could be based on the different affinities of the two sites toward substrates and products. For example, if one of the sites is much less active but has only a very low affinity to the product, the Fig. 5 . Specificity of Gan1D towards Gal-6P and Glc-6P. Schematic enzyme-analog binding interactions (distances in A) as experimentally determined in the current crystal structures of (A) Gan1D-WT-Glc6P and (B) Gan1D-WT-Gal6P. Both figures were produced with LIGPLOT+ [96] . (C) Superposition of the active site of Gan1D-WT-Glc6P (yellow) on the active site of Gan1D-WT-Gal6P (pink). An overall shift of 1.5 A is clearly observed in the position of Gal6P (light blue) relative to Glc6P (green). The difference between these binding geometries seems to be linked to the different interactions the two reaction products form with the active site residues Q23, N169, and W433.
decreased occupancy of the substrate in this site could be linked to the decreasing concentration of the substrate due to the hydrolytic activity of the other site. A few other explanations for these observations are also possible, but for all of them the common feature is a significant functional difference between the two active sites, which is likely caused by more global differences between the two monomers.
The functional differences between the two monomers are further supported by the significant B-factors differences, as observed when comparing the two monomers of the Gan1D-WT-C2 dimer. Such comparison demonstrates that one monomer has higher B-factors than the other, indicating that it is more flexible and/or dynamically active (Fig. 1C) . The obvious explanation for the observed differences in the active sites could potentially be linked to their different environments in the crystal. However, such explanation seems to be less likely in the present case of Gan1D, as similar differences have been observed in two different crystal forms with significantly different crystal packing schemes. An alternative, less conservative, explanation for these observations could be linked to actual substrate binding and catalysis of the Scheme 1. Schematic chemical structures of Gal6P, Glc6P and Cell6P. It is noted that Gal6P and Glc6P differ only in the absolute configuration around C4. Fig. 6 . Comparison between Gan1D (magenta) and the structures of homologous 6-phospho-b-glycosidases. Specifically, between five 6-phospho-b-glucosidases from Streptococcus mutans (SmBgl; green), Lactobacillus plantarum (orange), Escherichia coli (BglA; yellow), Streptococcus pyogenes (SPy1599; dark blue) and Streptococcus pneumonia (BglA-2; light purple) [18] , and a 6-phospho-b-galactosidase from Lactococcus lactis (PGALase; light blue) [7] . (Left) A relatively high similarity between the proteins is demonstrated when looking through the 'back' of the enzymes (with respect to the active site entrance). (Right) Significant differences between the proteins are observed when looking through the 'front' side of the enzymes. Specifically, differences are demonstrated in the long flexible loop that covers the active site (colored in red in the Gan1D structure), and which could not be modeled in some of the homologous structures. dimeric enzyme. Under such assumptions, it could be suggested that Gan1D may operate through a 'negative cooperativity' mechanism, where substrate binding in one of the active sites lowers the binding affinity (and/or catalytic activity) of the other site, thereby leading to a slower hydrolysis in the second active site. Nevertheless, even if proved to be true for Gan1D in solution, the biological advantage of such a mode of action is still to be rationalized and confirmed.
Structural confirmation for the critical binding role of the substrate 6-Phospho group
Previous biochemical studies demonstrated that the 6-phospho group of the substrate is critical for its interaction with Gan1D [57] . It is not surprising, therefore, that all the structures of the enzyme-analog complexes presented in this report demonstrate significant and highly-conserved interactions with the three oxygen atoms of the 6-phosphate moiety.
In all the structures of complexes reported here for Gan1D (with Gal6P, Glc6P, Cell6P), the main interactions with the phosphate moiety include four residues, Lys439, Tyr441, Asn435 and Ser432. The interactions these residues form with the trapped substrates are summarized in Figs 4C and 5A,B and Table 3 . In all cases, Tyr441 and Lys439 interact tightly together with a single oxygen of the phosphate moiety. The interactions with the two other phosphate oxygens are mediated through Ser432 and Asn435, but these interactions seem to be less strong and less consistent among the different protein complexes, as compared with the interactions of Tyr441 and Lys439. This difference in binding affinity is consistent with the fact that Tyr441 and Lys439 are highly conserved amongst homologous 6-phospho-glycosidases, while Ser432 and Asn435, although relatively conserved, have more variance amongst the different species (Fig. 7) . It seems therefore that the positively charged side chain of Lys439 serves to attract the negatively charged phosphate group into the proper place in the active site, and once there, to form a tight bonding of the substrate, together with Tyr441, into the catalytic binding site. The two weaker interactions (with Ser432 and Asn435) probably complete a three-point 'anchor' of the phosphate group, thereby orienting the substrate for best interactions at the glycone and aglycone sites. Interestingly, when comparing the active sites of the different Gan1D complexes presented here, it is apparent that whilst the residues composing the glycone binding site almost do not move upon ligand binding, the side chains forming the phosphate binding site adjust their positions according to the specific binding modes observed for the different ligands (The specificity of Gan1D towards Gal6P and Glc6P, Table 3 ).
These side chain shifts demonstrate that the phosphate binding site allows for some binding flexibility in the Gan1D active site, despite the critical role of the corresponding interactions in substrate recognition and binding.
Possible explanation for the broad aglycone tolerance of Gan1D
The structure of the Gan1D-E170Q-Cell6P complex enables determination of the residues involved in the glycone (À1), aglycone (+1), and phosphate binding sites of Gan1D (Table 3 ). In the Gan1D-E170Q-Cell6P structure, the glucose moiety at the +1 subsite is stabilized by multiple hydrophobic interactions with a protein hydrophobic pocket, which is contoured by Trp352 and Tyr301 at one face of the sugar ring, and Phe177 and ILe173 at the other face. While Trp352 and Tyr301 are generally conserved in GH1 6-phospho-b-glycosidases, Phe177 and Ile173 are identified only in Gan1D (Fig. 6) . The structures of only a handful GH1 enzymes have been determined with an occupied aglycone site, but amongst these structures, similar hydrophobic interactions have been seen [18, 20, 67, 68] . The absence of specific hydrogen bonds in this site seems to contribute to the relatively high tolerance of 6-phospho-b-glycosidases towards substrates with different aglycone moieties [7, 20, 69] . Such lack of a pronounced specificity at the aglycone part of the substrates has also been observed in Gan1D, where approximately similar catalytic parameters were obtained for the synthetic substrates ortho-nitrophenol-b-galactose-6-phosphate (oNPbGal6P) and orthonitrophenol-b-glucose-6-phosphate (oNPbGlc6P), as compared with the natural substrates Cell6P and lactose-6-phosphate (Lac6P) [57] .
The role of Trp433 in modulating the glycone specificity of Gan1D and related enzymes
The residues found to be involved in the glycone (À1) binding site of Gan1D (Table 3) are highly conserved among GH1 6-phospho-b-glucosidases and 6-phosphob-galactosidases. The main residues of this site have been shown to participate in specific binding and recognition of the glycone sugar moiety in homologous GH1 enzymes [7, 18, 20] (Fig. 7) . The exception for the sequence identity of this site is Trp433, which is replaced by Ala and Met residues in some of the related 6-phospho-b-glucosidases. Since some of these GH1 433 variant enzymes show also different substrate specificities, it is possible that Trp433 plays a functional role in the substrate preference of Gan1D.
The structures of Gan1D in complex with Glc6P and Gal6P that are presented here, further support such a role for Trp433. These structures reveal a difference in the binding modes of the corresponding sugars, specifically a significant variation in the binding interactions of the sugar O 4 hydroxyl group, the functional group that differentiates by its configuration the structures of Glc6P and Gal6P one from the other (Scheme 1). In the Gan1D-Gal6P structure the O 4 hydroxyl group is shown to interact mainly with Trp433 (NE1), while in the Gan1D-Glc6P structure it is shown to interact mainly with Gln23 (NE2; Table 3 ; Fig. 5C ). Similar variability in the binding interactions of the O 4 hydroxyl group (with different substrates and products) has been observed also in other glycosidases. For example, kinetic and structural experiments conducted on the Sulfolobus solfataricus b-glycosidase (Ssb-glc1), demonstrate that it binds approximately equally well both gluco-and galacto-configured ligands [62] . Similarly to the current case of Gan1D, the epimeric O 4 hydroxyl group of the substrates of this enzyme was found to form a specific hydrogen bond with either the analogous 'Gln23' residue (for the gluco-epimer) or the analogous 'Trp433' residue (for the galacto-epimer). These observations indicate that in GH1 glycosidases, the active site residues corresponding to Gln23 and Trp433 in Gan1D participate in important interactions with the glycone sugar moiety, and as such are likely to be involved in specific binding and recognition of the sugar moiety at this key position of the substrate.
Accordingly, in a recent study we conducted [57] , Trp433 was mutated to either Ala or Met (Gan1D-W433A and Gan1D-W433M, respectively), and kinetic measurements were performed on these mutants using both galactose (Gal) and glucose (Glc) substrates. These experiments showed that the activity (k cat /K M ) of both W433 mutants towards oNPbGal6P was reduced by~2 orders of magnitude, while their activity towards oNPbGlc6P was reduced by only~1 order of magnitude. Hence, although these W433 mutations decreased the catalytic activity for both types of substrates, the net outcome was that these mutant enzymes were more active toward glucose substrates in comparison to galactose substrates. A similar shift in catalytic specificity was also observed for the 6-phospho-b-galactosidase from L. lactis when mutating its homologous Trp429 residue to Ala (W429A), significantly shifting the preference of the enzyme towards glucoside substrates as compared to galactoside substrates [70] . Another experimental support for the critical role of the 'Trp433-like' residue comes from the 6-phospho-b-glucosidase BglA-2 from S. pneumoniae, which contains a Met residue in this pivotal position (M423). This enzyme was shown to change its specificity from a 6-phospho-b-glucosidase to a 6-phosphob-galactosidase upon an M423W mutation [18] , the reverse mutation reported here for Gan1D. All these results combined suggest that galactose binding to Gan1D depends strongly on its specific hydrogen bond with Trp433, and that this tryptophan residue (or the corresponding residues at this position) helps discriminate between 6-phospho-galactosidase and 6-phosphoglucosidase activities in both Gan1D and related GH1 enzymes.
Conclusions
The Gan1D structures presented in the current report provide, at least in part, the structural basis for the observed substrate specificities of this enzyme, including the strong requirement for a 6-phospho group at the glycone sugar moiety and the relatively broad tolerance for the aglycone moiety. These structures also demonstrate the strong network of hydrogen bonds that take place between the glycone sugar unit and the active site of the enzyme, and point out the specific hydrogen bonds that allow modulation of preferences toward a glucose or galactose sugar at this part of the substrate. Although these conclusions are in good correlation with a number of related GH1 6-phospho-glucosidases and 6-phospho-galactosidases, the generality of the proposed structure-function relationships should await structural results of additional enzymes of this category and especially their complexes with a more systematic series of substrates and analogs.
Materials and methods

Crystallization of Gan1D-WT and Gan1D-E170Q
Expression, purification, crystallization, and preliminary crystallographic analysis of Gan1D-WT were generally carried out as described previously [59] . Briefly, crystals of Gan1D-WT were grown in 5 lL drops containing equal volumes of protein solution (~4 mgÁmL À1 in 50 mM Tris pH 7, 100 mM NaCl, 0.02% NaAzide) and crystallization solution (16-22% (w/v) polyethylene glycol 8 K, 3% methyl-pentane-diol (MPD), 0.1 M imidazole buffer pH 6.5). These drops were equilibrated over a reservoir of the crystallization solution using the hanging-drop vapor diffusion method, producing suitable crystals after 2-4 days of equilibration. Interestingly, this crystallization condition produced two different crystal forms under the same conditions, one appearing as elongated flat prisms (EFP) belonging to the P1 space group, and the other appearing as rectangular plates (RP) belonging to the C2 space group [59] . The Gan1D-E170Q crystals were also obtained under these general crystallization conditions (16-19% (w/v) polyethylene glycol 8 K, 3% (v/v) MPD, 0.1 M imidazole buffer pH 6.5), but they adopted a third crystal form, appearing as diamond-shaped (DS) crystals belonging to the P2 1 space group. It is thus noted that the Gan1D protein and its mutant form three different crystal forms under very similar crystallization conditions, which differ in their crystal habit and space group, namely EFP/P1, RP/C2 and DS/P2 1 , respectively. This rather unusual and interesting crystallization behavior is yet to be systematically studied and (hopefully) rationally explained.
Data collection and processing of the Gan1D datasets
Data were collected for Gan1D-WT crystals of both crystal forms (Gan1D-WT-P1 and Gan1D-WT-C2) as described previously [59] . For the Gan1D-E170Q crystal of the DS/P2 1 crystal form (Gan1D-E170Q-apo), data were collected after flash-freezing in a cryo-solution containing 10% glycerol and 90% reservoir solution. Data were also collected for complexes of Gan1D-WT with galactose-6-phosphate (Gan1D-WT-Gal6P), Gan1D-WT with glucose-6-phosphate (Gan1D-WT-Glc6P), and Gan1D-E170Q with Cell6P (Gan1D-E170Q-Cell6P). These datasets were obtained by soaking Gan1D-WT-C2 and Gan1D-E170Q crystals for~30 s prior to flash-cooling in cryo-solutions of 10-15% glycerol and 85-90% well solution, and containing 12 mM Gal6P, 12 mM Cell6P, and 7 mM Cell6P, respectively. The Gan1D-WT-P1, Gan1D-E170Q-apo, and Gan1D-E170Q-Cell6P datasets were collected at the BM14 beamline in the European Synchrotron Research Facility (ESRF) synchrotron facility (Grenoble, France), while the Gan1D-WT-Gal6P, Gan1D-WT-Glc6P, and Gan1D-E170Q-Cell6P datasets were collected on a home source with an FR-X Rigaku rotating anode, at the Technion Center for Structural Biology (TCSB; Haifa, Israel). The Gan1D-WT-P1 dataset was indexed, integrated, and scaled with HKL-2000 [71] , and all other datasets were indexed and integrated with iMosflm [72] , and scaled with Aimless [73] .
Originally a relatively 'conserved' resolution cut-off for the data processing was used, based on either the R merge values (< 0.6) or the completeness values (> 80%) of the last resolution shell, in an attempt to use only the most reliable diffraction data measured [59] . However, following reformulations in the resolution cut-off criteria for processing [74] , five of the six datasets were re-processed in a lessconservative fashion in order to increase the practical resolution of the collected data (the sixth data set [Gan1D-WT-P1] could not be re-processed due to technical limitations). These alternative data processing calculations were done according to two different resolution cut-off approaches, in order to decide what should be the optimal resolution cut-off for these data. One approach utilized a 'semi-conservative' resolution cut-off, maintaining an average I/r(I) ≥ 2 in the outer resolution shell, while the second approach utilized a 'non-conservative' resolution cut-off, maintaining a value of CC 1/2 ≥ 0.4 in the outer shell [74] . Relevant diffraction data collection and processing details for all datasets, under these two resolution cut-off approaches, are summarized and presented in Table 1 .
Crystal structure determination of the Gan1D-WT-P1 structure
The crystal structure of native Gan1D (Gan1D-WT-P1) was determined by the molecular replacement (MR) methodology, using the 1. 33 A diffraction data of the EFP/ P1 crystal [59] , and using the program MOLREP [75] , as implemented in the CCP4 program suite [76] . The structure of a b-Glucosidase from Bacillus circulans sp. alkalophilus (41% sequence identity; PDB entry 1QOX [77] ) was used as a search model. The MOLREP search found four different monomers (termed chains A, B, C, D) in the crystallographic AU, resulting in initial R factor and R free values of 39.8% and 43.1%, respectively. The program COOT [78] was used to model the correct protein sequence into the (2F o -F c ) and (F o -F c ) electron density maps. This procedure and concomitant anisotropic refinement with the program PHENIX.REFINE [79] allowed reconstruction of almost all amino acid residues of the four protein monomers in the AU, except for the first three or four residues at the N-terminus (for all four monomers), and residues 311-329 of monomer D. Water molecules and various other proteinbound molecules originating from the protein purification and crystallization solutions (imidazole and phosphate ions) were added into the electron density maps at the last stages of refinement, using the programs COOT [78] and PHENIX.RE-FINE [79] . Refinement of the final model against the 1.33 A dataset converged into a final R factor of 12.21% and a final R free of 14.54%. PROCHECK [80] and MOLPROBITY [81] were used for validation of all structural parameters and stereochemistry calculations, confirming a normal and perfectly acceptable distribution of bond lengths and bond angles (Table 1) .
Crystal structure determination of the other Gan1D datasets
The additional Gan1D datasets, processed in both a 'semiconservative' and 'non-conservative' fashion, were solved by MR with the program PHASER-MR [82] , using the final Gan1D-WT-P1 structure as a search model. Structure determination of these datasets revealed that the RP/C2 crystals of Gan1D-WT (Gan1D-WT-apo, Gan1D-WTGal6P, Gan1D-WT-Glc6P) contain two Gan1D monomers per crystallographic AU, while the DS/P2 1 crystals of the Gan1D-E170Q mutant (Gan1D-E170Q-apo, Gan1D-D170Q-Cell6P) contain four monomers per AU. Extra electron densities were observed in the active sites of the Gan1D-WT-C2, Gan1D-WT-Gal6P, Gan1D-WT-Glc6P, and Gan1D-E170Q-Cell6P structures, and these were modeled as a Tris buffer molecule in chain A of the Gan1D-WT-C2 structure, as Gal6P and Glc6P molecules in the respective structures of Gan1D-Gal6P and Gan1D-Glc6P, and as Glc6P (73-76% occupancy; chains A,B) and Cell6P (73-80% occupancy; chains C,D) in the Gan1D-Cell6P structure. Imidazole molecules, glycerol molecules and phosphate ions, resulting from the crystallization and cryosolutions, were also added to all models. The program PHENIX.REFINE [79] was then used to add water molecules to the models and to perform iterative rounds of refinement, implementing isotropic temperature-factor refinement for the Gan1D-WT datasets and anisotropic temperaturefactor refinement for the Gan1D-E170Q datasets. Final refinement rounds converged into relatively good final R factor and R free values for all datasets. Validation of structural and stereochemical parameters with the programs PROCHECK [80] and MOLPROBITY [81] confirmed a very good distribution of bond lengths and bond angles for all of the refined structures ( Table 1) .
As mentioned above, the data was originally processed with a 'conservative' resolution cut-off, and only later reprocessed the data with a 'semi-conservative' and a 'nonconservative' resolution cut-offs. Obviously, these differently-processed data sets resulted in different final resolutions and different numbers of unique reflections, ordered, as expected, as 'non-conservative' > 'semi-conservative' > 'conservative' ( Table 1 ; the conservative parameters are not included for clarity). These alternative data sets were then used for the structure refinement of the different structures presented here, in an attempt to select the data set that produce the 'best' final structure. While it was quite clear that the 'conservative' data resulted in under-determined maps and under-determined models, it was more difficult to decide between the maps and the models obtained from the 'semi-conservative' and the 'non-conservative' data. In general, it was demonstrated that the final R factor values were significantly higher when the structures were refined against the 'non-conservative' resolution cut-off data, as compared with the 'semi-conservative' resolution cut-off data, and that this difference was even more pronounced in the case of the TCSB (home source) datasets (Table 1) . Moreover, it was not apparent that the 'non-conservative' data resulted in clearer and more reliable electron density maps, despite the nominally higher resolution limits. Following these observations, it was decided to use the structures that were refined against the 'semi-conservative' resolution cut-off datasets for subsequent structural analysis, and these are the structures that are presented and compared throughout this paper.
SAXS data collection on Gan1D-WT
Small angle X-ray scattering data were measured for Gan1D-WT at the BM29 BioSAXS beamline of the ESRF [83] . Protein samples were prepared at three different concentration (6.9, 3.6, 1.9 mg/mL À1 ) in a buffer containing 50 mM of Tris/HCl pH 7.0, 100 mM NaCl, 0.02% NaAzide.
For buffer scattering subtraction, an identical buffer sample was prepared, and its scattering was measured immediately before and after measurement of the protein sample. Measurements were performed with a Pilatus 1 M detector at 293 K, k = 0.992 A, and included 10 frames of 1 s exposure to a 0.7 9 0.7 mm X-ray beam on a 45 lL sample flowing through a 1.8 mm diameter capillary. The measured scattered intensity ranged from q = 0.0032 to 0.4917 A À1 . Initial data processing (background subtraction, radial averaging) was performed with dedicated beamline software BioSAXS Customized Beamline Environment (BSXCUBE), and subsequent analyses were done with the SAXS software package ATSAS [84, 85] . The final scattering curve used for structure analysis (Fig. 2B) was from the concentration of 6.9 mgÁmL À1 , and included data that was collected from q = 0. [86] , the radius of gyration (R g ) of the protein was calculated to be 34.6 AE 0.4 A, and I 0 to be 107.78 AE 0.06. The PRIMUS software [87] was used for data truncation, and GNOM [88] was used for calculation of the pair distribution function P(r) (Fig. 2C) . Twenty independent ab initio models for the molecular envelope of Gan1D-WT were constructed from the P(r) function, using the program DAMMIN [89] . The models were generated with no imposition of structure or symmetry, and showed a good fit to the experimental data, with chisquared values ranging between 1.36 and 1.75 for each of the 20 models. Improvement to these initial models were done with the program DAMAVER [90] , where the 20 ab initio models were averaged and filtered to yield the final molecular envelope model presented for Gan1D-WT (Fig. 2D) . Superposition of the SAXS-based models with the crystallographic atomic structure of Gan1D-WT was done with the program SUPCOMB [91] , and fitting of the experimental SAXS curves to the theoretical curves calculated from the corresponding crystal structures was done with the program CRYSOL [64] .
Sequence and PDB accession codes
The protein sequence of Gan1D has been submitted in UniProt under accession number W8QF82. Atomic coordinates of Gan1D-WT-C2, Gan1D-E170Q, Gan1D-WTGal6P, Gan1D-WT-Glc6P, and Gan1D-E170Q-Cell6P that were refined against a 'non-conservative' resolution cut-off have been deposited in the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank [92] under the accession codes 5OKJ, 5OKA, 5OKQ, 5OKS, and 5OKG, respectively. Atomic coordinates of Gan1D-WT-C2, Gan1D-E170Q, Gan1D-WT-Gal6P, Gan1D-WT-Glc6P, and Gan1D-E170Q-Cell6P that were refined against a 'semi-conservative' resolution cut-off, have been deposited in the RCSB Protein Data Bank under accession codes 5OKH, 5OK7, 5OKK, 5OKR, and 5OKE, respectively, and are those that are presented and analyzed in this paper. Atomic coordinates of Gan1D-WT-C2, Gan1D-E170Q, Gan1D-WT-Gal6P, Gan1D-WT-Glc6P, and Gan1D-E170Q-Cell6P that were refined against a 'conservative' resolution cut-off have been deposited in the RCSB Protein Data Bank under accession codes 4ZE4, 4ZE5, 4ZEN, 4ZEP, and 4ZEM, respectively, yet these structures are not presented in the present paper. The Gan1D-WT-P1 structure was refined only against a 'conservative' resolution cut-off data, conducted either with isotropic temperature factors or with anisotropic temperature factors. The corresponding atomic coordinates of these structures have been deposited in the RCSB Protein Data Bank under accession codes 4ZEH and 5OKB, respectively, but only the 5OKB structure is presented and analyzed in the present paper.
